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Abstract 
Within this investigation mechanical properties of friction stir welded high strength aluminum blanks are determined. The 
recrystallization behavior of base material and weld nugget material are analyzed regarding prestraining in a cold upsetting and 
rolling process. Finally the properties of natural and artificial aged specimen are compared in uniaxial tensile tests. It can be 
shown that the prestraining has a significant effect on the resulting grain size after solution heat treatment in the weld nugget. 
Recrystallization and the evolution of a coarse grain structure in the nugget leads to a reduced strength and ductility for both 
ageing conditions. For the process design of manufacturing tailored aluminum blanks the prestrain dependent recrystallization 
and part property evolution has to be considered especially for the weld nugget area. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
One of the main topics in aerospace engineering is the reduction of fuel consumption and the increase of 
payload. In addition to that due to an increasing competition in aerospace industry also the reduction of 
manufacturing costs is inevitable to ensure economic success. Lightweight part manufacturers face these 
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challenges by using more and more high strength materials such as innovate aluminum-lithium (Al-Li) alloys. To 
use the full strength potential of these alloys for 3-dimensional formed structural parts a special process chain has 
to be applied. Subsequent to the main forming step semi-finished parts are solution heat treated and finally aged to 
maximize the mechanical properties. Special demands in sheet dimension, sheet thickness or material combination 
are satisfied by the use of tailor welded blanks. As Al-Li alloys show a bad weldability joining of the blanks can be 
realized by friction stir welding prior to the forming step. 
As it is well known from the production of cold and hot rolled aluminum plates and blanks the parameters of the 
forming process in particular draft, rolling speed and the rolling temperature have a significant influence on the 
microstructure and the grain size that is generated during a subsequent heat treatment process. General principals 
of recrystallization and grain growth in aluminum alloys have been presented by Humphreys (1996). Special 
recrystallization behavior for a friction stir welded nugget zone has been observed that leads to a very coarse grain 
structure. This effect has been detected for several aluminum alloys and especially for series 2000 by Chen (2006). 
The influence of different parameters in forming processes on the recrystallization behavior in friction stir welded 
blanks has already been investigated for AA2195 by Gnibl (2013). As grain boundaries hinder the movement of 
dislocations, part properties like the yield strength are grain size dependent. This called Hall-Petch-effect is not that 
distinct in aluminum as in steel, but Hirsch (1997) showed results of Rossig that prove a dependency for AlMg 
alloys and Yanagawa (1993) presented that even the ductility is highly influenced by different grain sizes between 
50 and 250 μm. According to these aspects further investigation of the final properties of natural and artificial aged 
aluminum blanks are necessary to understand the effect of prestrain dependent grain growth and identify critical 
parameters in processing tailor welded blanks. 
2. Materials and methodology 
2.1. Tailor welded high strength aluminum alloy 
The material investigated within this study is a high-strength precipitation hardenable aluminum alloy type 
AA2195 with an original plate thickness t0 = 12 mm. With a density of 2.71 g/cm³ and maximum yield strength of 
about 455 MPa in T8-condition, this alloy has high potential to substitute conventional aerospace aluminum alloys. 
The nominal composition of the material is shown in Table 1. For the following experiments the aluminum was 
used in a soft annealed O-condition. In order to determine the mechanical properties (see Table 2) of the aluminum 
base material tensile tests at room temperature according to PuD-Al with specimen geometry after DIN EN 10002-
1 appendix B shape 2 were carried out on a uniaxial tensile testing system Zwick Z100 with hydraulic clamping 
devices and mechanical strain measurement. 
Table 1. Theoretical composition of alloying elements in AA2195 in % by weight. 
Elements Si Fe Cu Li Mn Mg Zn Ti Zr Ag others 
AA2195 0.12 0.15 3.7-4.3 0.8-1.2 0.25 0.25-0.8 0.25 0.1 0.08-0.16 0.25-0.6 0.15 
Table 2. Mechanical properties of high strength aluminum alloy. 
Material Yield strength Ultimate tensile strength  Uniform elongation Ultimate elongation 
AA2195-O_RD 0° 93.24 MPa 196.85 MPa 15 % 16 % 
 
The preparation of welded plates was performed at the Institute for Machine Tools and Industrial Management 
(Technical University Munich) in a conventional friction stir welding process on a CNC machining center Two 
AA2195 plates with dimensions of 600 x 200 mm each and a thickness of 12 mm were joined with a standard tool 
geometry with concave shoulder and shredded pin at constant welding speed, rotation speed and axil force in a 
robust process window. The welding direction for the butt welds was parallel to the rolling direction of the sheets. 
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2.2. Manufacturing process and characterization methodology 
The innovate manufacturing process of a tailor welded blank with a forming step, a subsequent solution heat 
treatment and a final ageing is shown in Fig. 1. For the prediction of the final properties of a structural part the 
material behavior is tested in several experimental investigations.  
 
Fig. 1. Schematic processing of high strength aluminum alloys and experimental procedure to investigate final mechanical properties. 
The effect of prestrain ĳ in a forming step on the resulting grain size Ȁafter solution heat treatment is first 
tested separately for the base material and the nugget material in compression tests to avoid effects of interaction 
between weld and base material. Therefor cylindrical specimens with a diameter of 10 mm and a length of 15 mm 
have been extracted from the welded plates by cutting 12 mm by 12 mm rods out of the nugget area and the 
unaffected area along the welding direction. Specimens were then turned and finished by grinding the parallel 
faces. The compression tests were performed on a universal testing machine type Walter + Bai FS-300. After 
applying different forming degrees between 0% and 50% the cylindrical specimens were solution heat treated at 
510 °C for one hour and water quenched. For analyzing the grain structure the specimens were cut perpendicularly 
to the cylinder axis and embedded in a cold hardening two-component resin Epoxy 1000. Cross-sections were 
polished and finally etched with a “Bohner”-solution for 25 s so that the grain surfaces and boundaries gave a high 
contrast for further optical analyze. The microstructure was recorded with a light optical microscope equipped with 
a digital camera system and afterwards analyzed with an image editing program. Grain size was determined by 
counting the crossings of grain boundaries at 3 vertical and 3 horizontal sections. Whereas the average grain size is 
the amount of boundary crossings divided by the section length. 
The effect of grain growth especially in welded material during solution heat treatment on the final part 
properties was investigated by performing tensile tests of processed specimens in aged T4 and T6-condition. The 
specimens were manufactured from the 12 mm plates by milling off the surface and the bottom part of the weld 
line symmetrically to thicknesses of 4 mm to 5 mm in 5 steps, so that forming degrees of 0% to 20% can be 
achieved by rolling the blanks to a thickness of 4 mm whereas the rolling direction is parallel to the weld line. 
Experiments were performed on a 2-high cold rolling stand. The effect of plastic deformation on the work 
hardening of base material and weld nugget is investigated prior to the heat treatment on a mechanical Vickers 
hardness measurement machine type Zwick ZHV10. The testing parameters were set to a load of 19.62 N and a 
holding time of 10 s. After heat treatment the microstructure is analyzed in cross sections perpendicular to the weld 
line as described above. Finally the mechanical properties of the welded specimens are tested after 3 weeks natural 
ageing in T4-condition and in T6-condition subsequent to an artificial ageing for 36 hours at around 140 °C. The 
tests were performed as described above for the base material. 
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3. Recrystallization of deformed material 
The independent investigation of the recrystallization behavior of base material and friction stir welded nugget 
material by compression tests shows significantly different grain growth in these two areas. In Fig. 2 the resulting 
grain size after solution heat treatment is printed above the true stress that is applied during compression testing. 
The grain size of a non-deformed base material is 35 μm. With increasing predeformation the grain size is slightly 
and almost linearly decreasing to 24 μm at a true strain of 0.52. As assumed regarding results of preliminary 
investigations the grain size in the nugget material is highly dependent of the forming degree. Due to the reduced 
pinning effect the maximum grain size is 661 μm at a strain of 0.14. At higher strain of 0.32 grain size is reduced 
to 145 μm while at a strain of 0.51 dimensions of the grains are comparable with the base material with 45 μm. 
Due to the results of this investigation it is proven, that the tailored blank configuration used in this study has a 
highly inhomogeneous recrystallization behavior. Especially the weld nugget material tends to significant grain 
growth. Therefore it is necessary to clearly analyze the influence of a coarse grain structure on the mechanical 
properties. 
 
Fig. 2. (a) Grain size evolution versus true strain of predeformation in AA2195 base and nugget material, (b) Micrograph of recrystallized 
nugget material after upsetting process. 
4. Grain size dependent part properties 
4.1. Preforming of welded material 
To investigate the influence of the grain size on the mechanical properties with standardized tensile tests, the 
predeformation was realized by cold rolling of the welded blanks. The work hardening effect of the rolling process 
is measured by Vickers hardness testing. The hardness distribution in the weld line cross sections is shown in Fig. 
3. The non-deformed blank has a maximum hardness in the fine grained nugget material of around 70 HV10 and a 
minimum hardness 55 HV10 in the heat affected area which is slightly less than the base material with 58 HV10. 
For the maximum prestrain at a draft of 20% in the rolling process the base material hardness as well as the nugget 
material hardness increases due to work hardening. The maximum hardness in the nugget is up to 84.5 HV10 while 
base material and heat affected zone show a hardness of around 70 HV10. The average hardness of base material 
and weld nugget material is calculated for every rolling stage, so that the work hardening can be pointed out in Fig. 
3. Starting at 58 HV10 the base materials hardness increases almost linearly 70.5 HV10 at a strain of 0.21 while in 
the same range the nugget material hardness increases from an average of 69 HV10 to 81.5 HV. In the cold rolling 
stand a maximum true strain of 0.21 could be realized. Higher rolling ratios lead to an undesirable buckling of the 
sheets which indicates a inhomogeneous strain distribution through the blank thickness. For the same reason a 
straightening operation was not taken into account. 
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Fig. 3. (a) Hardness distribution in AA2195 weld line cross section at different prestrain levels, (b) Work hardening in base and nugget material 
in dependency of the prestrain in rolling operation. 
4.2. Grain size analysis 
After preforming and solution heat treatment the grain size of the blanks is investigated in micrographic 
analysis. As the change in grain growth depending on preforming was not critical for the base material, following 
investigations focus on the weld nugget material, see Fig. 4. For a thickness reduction in rolling up to 2.6% no 
recrystallization of the nugget material was achieved. The average grain size is 12.5 μm. At a prestrain of 0.08 
maximum grain size reaches a maximum of 1140 μm which decreases to 686 μm at a prestrain of 0.21. Compared 
to the upsetting process the rolled specimens confirm the trend of a schematic grain growth characteristic assumed 
from literature. Although the grain size in rolled specimen tends to be 30 % higher than in upsetted specimen.  
 
Fig 4. (a) Grain size in rolled and upsetted AA2195 nugget material, (b) Micrograph of recrystallized nugget material after rolling process. 
4.3. Mechanical properties of aged tailor welded blanks 
Final step of the investigation is the analysis of the mechanical properties of the friction stir welded blanks 
regarding the grain size in the nugget material after solution heat treatment. In Fig. 5 the results of the tests are 
shown for the natural aged T4-condition and the artificial aged T6-condition. Each prestrain level is compared by 
ultimate tensile strength (UTS), yield strength (YS), uniform elongation (UE) and ultimate elongation (E). A non 
prestrained specimen in T4-condition with a fine grained structure has an ultimate tensile strength of 438 MPa 
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while the ultimate elongation is at about 46 %. At prestrain levels of 0.08 and higher the ultimate elongation is 
significantly reduced as well as the uniform elongation with a minimum of 20%. In T6-condition the elongation of 
recrystallized specimens is reduced from 30% to 11% while also the strength values are going down for coarse 
grained material. 
 
Fig 5. Mechanical properties of friction stir welded AA2195 blanks in (a) T4-condition and (b) T6-condition. 
Compared to the initial properties in O-condition, yield strength of a T6-blank is increased by at least 300% 
while ductility is decreased by 26%. In general specimens with a low prestrain level up to 0.03 that do not show 
grain growth have a high level of strength and ductility in the T4- as well as in the T6-condition. In recrystallized 
material elongation shows a high correlation of the grain size for T4-condition whereas in T6-condition no effect 
of grain size was determined. Strength is decreasing in both conditions with increasing grain size. 
5. Conclusion 
Within this study the effect of grain growth in a recrystallized friction stir welded blank on the final part 
properties has been investigated. Plastic deformation in a forming step prior to a solution heat treatment activates a 
significant grain growth in the nugget area of the weld. The resulting grain size has a direct influence on the part 
properties after a final ageing step. Strength and ductility are decreased when large grains exist in the weld area. 
While yield and ultimate strength are only reduced by 10 to 15 % the ultimate elongation decreases by about 50 %. 
In continuing studies the influence of different forming parameters like speed and temperature on the grain growth 
and mechanical properties is investigated. 
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